Ogneva IV, Gnyubkin V, Laroche N, Maximova MV, Larina IM, Vico L. Structure of the cortical cytoskeleton in fibers of postural muscles and cardiomyocytes of mice after 30-day 2-g centrifugation. J Appl Physiol 118: 613-623, 2015. First published December 24, 2014 doi:10.1152/japplphysiol.00812.2014.-Altered external mechanical loading during spaceflights causes negative effects on muscular and cardiovascular systems. The aim of the study was estimation of the cortical cytoskeleton statement of the skeletal muscle cells and cardiomyocytes. The state of the cortical cytoskeleton in C57BL6J mice soleus, tibialis anterior muscle fibers, and left ventricle cardiomyocytes was investigated after 30-day 2-g centrifugation ("2-g" group) and within 12 h after its completion ("2-g ϩ 12-h" group). We used atomic force microscopy for estimating cell's transverse stiffness, Western blotting for measuring protein content, and RT-PCR for estimating their expression level. The transverse stiffness significantly decreased in cardiomyocytes (by 16%) and increased in skeletal muscles fibers (by 35% for soleus and by 29% for tibialis anterior muscle fibers) in animals of the 2-g group (compared with the control group). For cardiomyocytes, we found that, in the 2-g ϩ 12-h group, ␣-actinin-1 content decreased in the membranous fraction (by 27%) and increased in cytoplasmic fraction (by 28%) of proteins (compared with the levels in the 2-g group). But for skeletal muscle fibers, similar changes were noted for ␣-actinin-4, but not for ␣-actinin-1. In conclusion, we showed that the different isoforms of ␣-actinins dissociate from cortical cytoskeleton under increased/decreased of mechanical load. hypergravity conditions; mechanoreception; nonmuscle actin; actinbinding proteins; cell stiffness CHANGES IN GRAVITATIONAL FIELD during spaceflights may have a negative impact on all body systems (in particular, on muscular and cardiovascular systems) (1, 16, 46, 49) . Long-term exposure to conditions of microgravity resulted in significant mass loss and atrophic changes of soleus (Sol) muscle (4, 6, 11). Moreover, a decrease in functional capacity has been reported, both for the whole muscle (23, 56) and for its isolated fibers (26). Under microgravity conditions, there are different disturbances in the cardiovascular system in humans, mainly a fluid shift in the cranial direction (50, 55) and changes of systolic output (5, 7, 29) . In rodents, antiorthostatic suspension is accompanied by similar effects on a number of systems, for example, on muscle, and partially the cardiovascular system (27).
Exposure to microgravity leads to muscle atrophy, and that is why returning to Earth gravity was perceived by an atrophied muscle as an eccentric loading (38 -42) . It became clear after completion of the SLS-2 mission (1993), during which the samples of tissues were collected under microgravity conditions. No serious injuries were detected in the fibers of m. soleus and m. adductor longus, as well as after the 3-h period of readaptation. However, within 4.5 h after landing, negative alterations became notable (40) .
In terms of gravity level, transition from microgravity to Earth gravity is similar to transition from 1 g to hypergravity.
When contractile properties and changes in myosin profile were investigated in muscles of animals exposed to hypergravity, similar adaptational effects were observed after stretching exercises (14) .
Very few articles about hypergravity studies are published to date. When impact of hypergravity on human endothelial cells was studied, it was demonstrated that hypergravity altered the distribution of actin filaments within the cytoskeleton with no serious changes in their total quantity (53) . However, in this study, muscle cells were not analyzed.
It should be noted that the structure of the submembranous cytoskeleton of muscle cells (either fibers of skeletal muscles or cardiomyocytes) is generally similar to the structure of the cortical cytoskeleton of nonmuscle cells, except for several particular sites (in projection of M-and Z-line membrane). Actin (␤ and ␥) is the major protein of the cortical cytoskeleton, which forms stress fibrils that bind to each other through different actin-binding proteins. Published data state that changes in external mechanical conditions may result in a reorganization of the cortical cytoskeleton (8, 15, 17, 21, 36, 43, 52) .
Nevertheless, it is still unclear how muscle cells initiate mechanotransduction pathways and how cells are able to distinguish changes of mechanical load, particularly, gravitational load.
Summarizing the experimental data, we can suggest that changes in the structure of the contractile apparatus of both skeletal muscle fibers and cardiomyocytes are mainly related to the functional activity of these cells. However, changes of cortical cytoskeleton structure, which appear much earlier than changes of the contractile apparatus (32) , may be linked to the levels of external mechanical stress on these cells. We hypothesized that the initiation of mechanosensitive signaling pathways in the muscle cell may be associated with the other cellular structure, the cortical cytoskeleton.
Our previous data allow us to suggest that the dissociation under increase or decrease mechanical load of different ␣-ac-tinin isoforms from cortical cytoskeleton may initiate different signaling pathways (34) . The similar results were described after spaceflight experiment on the board "BION-M1" biosatellite (Russia, 2013) . It was shown that, 13-16.5 h after landing, the content of ␣-actinin-4 (ACTN-4) reduced in the membranous fraction of proteins from the mouse cardiomyocytes, whereas its content in the cytoplasmic fraction of proteins did not change significantly. Furthermore, the mRNA level of this protein decreased. At the same time, the content of ACTN-1 decreased in the membranous fraction and increased in the cytoplasmic fraction of proteins from the Sol muscle fibers (31) . We supposed that time between landing and dissection was an early period, when mechanical load on cardiomyocytes decreased, and increased on skeletal muscle fibers.
After 30 days, BION-M1 spaceflight dissection on the landing site was not possible. Therefore, there was transition from lower to higher gravity during ϳ12 h between landing and dissection. The 30-day 2-g experiment was organized to produce a mirror situation to 30 days of spaceflight. Also, to reproduce 12-h delay between landing and dissection, a recovery group was included. These 12 h may be considered as transition from higher to lower gravity, when mechanical load on cardiomyocytes increases and on skeletal muscle fibers decreases. It can be expected that changes in cortical cytoskeleton structure of mice cardiomyocytes and muscle fibers would be opposite compared with BION-M1 data. The main aim of the study was estimation of the cortical cytoskeleton statement of the skeletal muscle cells and cardiomyocytes of mice after 30 day 2-g centrifugation.
MATERIALS AND METHODS
The study objects were the following: left ventricular (LV) myocardium, Sol muscle, and tibialis anterior (TA) muscle samples obtained from C57BL6J mice (Charles River, L'Albresle, France). The study groups (each consists of 10 animals) were formed as follows.
"Control" group consisted of the animals, housed in the animal breeding facility (vivarium) during 30 days of the experiment.
The "2-g" group consisted of the animals exposed to 30-day chronic 2-g centrifugation. A centrifuge allows the maintenance of a permanent level of hypergravity (29.6 rpm). The centrifuge is a carousel with the radius of 1.4 m, with pods hanging on the periphery. The eight aluminum gondolas with a volume of 173 liters (562 ϫ 520 ϫ 592 mm) could be attached to the octagonal structure of the centrifuge arm. Each gondola can accommodate three cages, the same as for control group, with four mice in each. The outer dimensions can go up to 3.60 m because of the swing gondola. Animals of both groups were in cages with four mice at 22°C with controlled light-dark cycles (12:12-h light-dark). All gondolas had video surveillance system for control of animals' condition and food/water stocks. The samples of biomaterials were drawn immediately after completion of centrifugation.
The "2-g ϩ 12-h" group consisted of animals that were similarly exposed to 30-day chronic centrifugation under the same conditions, but collection of the biomaterials was performed within 12 h after completion of centrifugation (to evaluate the early period of readaptation). The control group was unique for both experimental groups (2 g and 2 g ϩ 12 h) because difference of time of dissection between these two groups was only 12 h. It is not a principal difference for animal age because duration of experiment was longer, 30 days.
Dissection was performed within no more than 90 min in all study groups. During dissection, we measured mass of investigated tissues (heart, TA, and Sol muscle), adrenal glands, and abdominal fat.
During the entire study period, animals of all study groups were free to move and were provided with standard vivarium food and water ad libitum.
The procedures for the care and killing of the animals were in accordance with the European Community Standards on the care and use of laboratory animals (Ministère de l'Agriculture, France, Authorization 04827). All animal experiments were approved by the local Animal Care Committee.
Transverse stiffness measurements of single cells using the atomic force microscopy imaging. Cardiomyocytes were isolated from a sample of the LV tissue of mice using standard technique (24, 57) , but without using Triton X-100. Sol and TA muscles were excised transversely from one tendon to another, according to the technique described by Stevens et al. (47) .
Before the experiments, samples were stored at Ϫ20°C in a buffer containing equal parts of relaxation solution R (20 mM MOPS, 170 mM of potassium propionate, 2.5 mM of magnesium acetate, 5 mM of K2EGTA, and 2.5 mM of ATP) and glycerol.
On the day of experiment, the samples were transferred to solution R, where isolated glycerinated cardiomyocytes and muscle fibers were singled out.
To measure the transversal stiffness, the obtained fibers were fixed on the bottom of the liquid cell of the atomic force microscope (NT-MDT), attaching their tips with special Fluka shellac wax-free glue (Sigma). The measurements were conducted using contact mode with the indentation depth of 150 nm, in accordance with the technique that was described in detail earlier (30) .
The obtained results were processed using MatLab 6.5 software. Determination of protein content using Western blotting. To determine the protein content, the samples of LV myocardium, Sol muscle, and TA muscle were frozen at the temperature of liquid nitrogen. The method described by Vitorino et al. (54) was used to prepare tissue extracts and to obtain the membranous and cytoplasmic fractions of proteins.
Denaturating polyacrylamide gel electrophoresis was performed using the Laemmli technique and the Bio-Rad system. Based on the measured concentration of total protein content, equal amounts of protein were added to each hole. The transfer to the nitrocellulose membrane was performed using the method by Towbin et al. (51) .
To determine each protein, specific monoclonal primary antibodies based on mice immunoglobulins were used (Santa Cruz Biotechnology) in dilutions recommended by the manufacturer: 1:300 for ␤-actin (ACTB); 1:100 for ␥-actin (ACTG); 1:100 for ␣-actinin-1 (ACTN-1); and 1:100 for ACTN-4. For secondary antibodies, we used biotinylated goat antibodies against mice IgG (Santa Cruz Biotechnology) diluted 1:5,000.
Afterwards, all membranes were treated with streptavidin conjugated with horseradish peroxidase (Sigma, Germany), diluted 1:5,000. Protein bands were identified using 3,3=-diaminobenzidine (Merck). ImageJ software was used for quantifying Western blots.
Real-time-PCR for mRNA quantification. To determine the mRNA level of the genes encoding the investigated proteins, total RNA was isolated from the frozen samples of mice LV myocardium, Sol muscle and TA muscle, using RNeasy Micro Kit (Qiagen, Germany) in accordance with the manufacturer's manual. Reverse transcription was conducted using d(T) 15 and 500 ng of RNA as the primers. To evaluate the mRNA level of the studied genes, real-time PCR was performed using the specific primers selected with Primer3Plus software (Table 1) . Melt curves were performed to ensure fidelity of the PCR product. The 2[Ϫdelta delta C(T)] method (25) was used to determine fold difference.
Statistical analysis. The results obtained during the experiments were statistically processed with ANOVA, using the post hoc t-test with the confidence level P Ͻ 0.05 to evaluate the significance of differences between groups. The data are represented as means Ϯ SE.
RESULTS

Comparative characteristics of the investigated groups of animals.
Results of mass measuring indicated that there was no statistically significant changes between group 2-g and control group ( Table 2) . Body mass was measured twice in animals of the 2-g ϩ 12-h group: immediately on completion of centrifugation (there were no differences in values obtained in both experimental groups) and at the time of dissection (12 h after completion of centrifugation). After the second measurement, the mass of the 2-g ϩ 12-h animals was higher by 7.4% (P Ͻ 0.05) than in the control group.
The mean mass of the TA muscle in the 2-g group was similar to that of the control group, but it was higher by 11% (P Ͻ 0.05) in the 2-g ϩ 12-h group than in the control group. In the 2-g group, the mean mass of the Sol muscle was significantly higher by 21% compared with the control level (P Ͻ 0.05). However, in 2-g ϩ 12-h group, the mean mass of the Sol muscle did not change from the control group.
The mean heart mass, as well as the mean mass of abdominal fat, did not differ across the study groups. However, in the 2-g group, the mean mass of the adrenal glands did not statistically significant differ from that of the control group. But it was statistically (P Ͻ 0.05) higher by 12% in the 2-g ϩ 12-h group compared with the control group.
LV cardiomyocytes. The obtained data showed that transverse stiffness of the cortical cytoskeleton was lower by 16% (P Ͻ 0.05) in the 2-g group and by 28% (P Ͻ 0.05) in the 2-g ϩ 12-h group (compared with the relevant values in the control group). However, there was no statistically significant difference between the 2-g and 2-g ϩ 12-h groups (Table 3 , Fig. 1A ).
Nonmuscle actin isoforms (␤ and ␥) content within the membranous and cytoplasmic protein fractions in the 2-g group were significantly lower compared with the control group (Fig. 2, A and  B) . In the 2-g ϩ 12-h group, ACTG content was not different from that of the 2-g group and was significantly lower than in the control group. At the same time, in 2-g ϩ 12-h group, ACTB content was lower by 33% compared with the control level (P Ͻ 0.05) and was significantly lower compared with that of the 2-g group. Moreover, ACTB content within the cytoplasmic fraction rose up to the control value, statistically exceeding corresponding values in the 2-g group. No changes were found in the mRNA level of the genes encoding ACTB and ACTG across the study groups (see Fig. 5A ).
In the 2-g group, ACTN-1 content was lower within the membranous and cytoplasmic protein fractions compared with the control levels (Fig. 2C ). In the 2-g ϩ 12-h group, ACTN-1 content within the membranous protein fraction was significantly lower compared with that in the 2-g group. However, within the cytoplasmic protein fraction, it was higher than the control level by 59% (P Ͻ 0.05). Nevertheless, no changes in mRNA level of the relevant gene were noted (see Fig. 5A ).
The relative protein content of ACTN-4 within the membranous fraction was reduced by 38% (P Ͻ 0.05) in the 2-g group and by 44% (P Ͻ 0.05) in the 2-g ϩ 12-h group compared with the control group (Fig. 2D ) without any changes within cytoplasmic fraction. The mRNA level of the ACTN-4 encoding gene remained constant (see Fig. 5A ).
Sol muscle fibers. In the 2-g group, the transverse stiffness of the Sol muscle fibers was found to be 35% higher compared with that in the control group (P Ͻ 0.05) ( Table 3, Fig. 1B) . Furthermore, in the 2-g ϩ 12-h group, the transverse stiffness of the cortical cytoskeleton of the fibers was lower by 22% compared with the 2-g group (P Ͻ 0.05), but still exceeded the values registered in the control group by 16% (P Ͻ 0.05).
In the 2-g group, ACTB content was higher in the membranous and cytoplasmic fraction compared with the relevant control levels (Fig. 3A) . In the 2-g ϩ 12-h group, ACTB content within the membranous fraction of proteins was higher than in the control level. However, it was statistically lower than the relevant value registered in the 2-g group. At the same time, ACTB content within the cytoplasmic fraction was higher even more compared with the control level, and it was higher than in the 2-g group. Changes in ACTG content were reported only within cytoplasmic fraction of proteins of the Sol muscle fibers. It was lower in the 2-g group and higher in the 2-g ϩ 12-h group compared with the control value (Fig. 3B) . The mRNA level of the gene encoding ACTB and ACTG was similar to the control level across all study groups (see Fig. 5B ).
There was no difference between 2-g and 2-g ϩ 12-h groups in ACTN-1 content. However, it was higher within the membranous and cytoplasmic fraction of proteins compared with the control level (Fig. 3C) . At the same time, in the 2-g group, the mRNA level of the ACTN-1 gene was higher by 19% (P Ͻ 0.05) compared with the control level (see Fig. 5B ). In the 2-g ϩ 12-h group, the mRNA level of this gene did not change compared with the control level, but was significantly lower compared with the 2-g group.
In the 2-g group, ACTN-4 content was not different from that of the control level, but, in the 2-g ϩ 12-h group, this protein content was lower by 34% (P Ͻ 0.05) in the membranous fraction and higher by 53% (P Ͻ 0.05) in the cytoplasmic fraction compared with the control values (Fig. 3D) . No changes were registered in mRNA level of the relevant gene in any group (see Fig. 5B) .
TA muscle fibers. Dynamics of transverse stiffness of the cortical cytoskeleton of the TA muscle fibers was similar to the changes reported for the Sol muscle fibers: in the 2-g group, it was 29% higher (P Ͻ 0.05) compared with that in the control group (Table 3, Fig. 1C ). Even though in the 2-g ϩ 12-h group, 12% increase was not significant vs. control, it was found to be significantly 13% lower compared with that in the 2-g group.
In 2-g group, ACTB content within the membranous and cytoplasmic protein fractions of TA muscle fibers was higher compared with that in the control (Fig. 4A ). In the 2-g ϩ 12-h group, ACTB content within the membranous protein fraction was higher by 50% (P Ͻ 0.05) compared with the control level, but was not different from that in the 2-g group. However, its content within cytoplasmic protein fraction was lower than in the 2-g group. While in the 2-g group, the mRNA level of the gene encoding ACTB remained similar to the control levels, in the 2-g ϩ 12-h group, they were lower compared with the 2-g group levels (Fig. 5C ).
ACTG content in the 2-g group did not differ from the control level, but, in the 2-g ϩ 12-h group, its content was lower within the membranous and cytoplasmic fractions compared with the control and 2-g groups (Fig. 4B ). Nevertheless, the mRNA level of the relevant gene remained unchangeable across all study groups (Fig. 5C) .
ACTN-1 content was changed only within the membranous fraction of proteins. It was higher by 38% (P Ͻ 0.05) in the 2-g group and by 50% (P Ͻ 0.05) in the 2-g ϩ 12-h group compared with the control (Fig. 4C ). There were no changes of the mRNA quantity of the relevant gene (Fig. 5C ).
In the 2-g group, ACTN-4 content changed only within cytoplasmic protein fraction: it was higher by 43% (P Ͻ 0.05) compared with the control level (Fig. 4D ). In the 2-g ϩ 12-h group, ACTN-4 content within membranous fraction proteins was lower by 20% (P Ͻ 0.05) compared with control and 2-g groups. Conversely, in the same group, the content of ACTN-4 within the cytoplasmic fraction of proteins was higher by 51% (P Ͻ 0.05) compared with the control. No changes in mRNA level of the gene encoding ACTN-4 were detected in TA muscle fibers across all study groups (Fig. 5C ).
DISCUSSION
Design of this experiment in relation to the mice strain, their age, and duration of the experiment agreed with our previous investigation, which was performed on the board of BION-M1 biosatellite (Russia, 2013). The main objective of this study was to compare changes of the same parameters under exposure of the microgravity (0 g) and hypergravity (2 g) and subsequent returning to the 1 g.
The obtained data show that there were no statistically significant changes in body mass between control and 2-g animals. It is consistent with previously data, where it was shown that 2-g centrifugation for 21 days did not result in changes in body mass (20) . At the same time, Fuller et al. (13) showed that, after 30 days, 2-g centrifugation animal body mass significantly decreased. It could be explained by fat mass reduction (14) due to chronic stress (9) . That is why we measured abdominal fat mass. There were no changes, but fat mass can be reduced due to chronic stress (9) . Our data suggested that chronic stress was not emphasized because the mass of the adrenal glands did not statistically differ from the control level. These data are consistent with the data of Gueguinou et al. (20) , where it was showed that there was no difference between corticosterone level in control groups and in mice after 2-g centrifugation during 21 days.
In summary, these data can suggest that longer 2-g centrifugation could result in a subsequent decrease in body mass, if stress level is increased, but, at the time of dissection, there were no chronic stresses.
There was an increase in postural muscles mass, in particular, the Sol muscle after centrifugation. At the same time, within 12 h of observation, the Sol muscle mass started decreasing; conversely, the TA muscle mass increased. It is well-known that water content is reduced in the Sol muscle and elevated in the TA muscle during the early stages of antiorthostatic suspension, which, in its turn, simulates the exposure of microgravity (34) . Probably, the same situation occurs when transformation is from 2 g to 1 g. It could be suggested that changes in muscle mass could be connected with changes of water content, and, as such, our finding may be related to liquid redistribution resulting from decreased external load.
Also, it is worth noting that statistically significant mass gain was registered within animals of the 2-g ϩ 12-h group, probably due to their stomach repletion because of increased food consumption during the 12-h period after completion of centrifugation. It can also be related to stress response to changes in environmental conditions (it is supported by statistically significant increase of adrenal glands' mass in animals of the 2-g ϩ 12-h group).
Transverse stiffness of the cortical cytoskeleton. This experiment showed that the transverse stiffness in the skeletal muscle fibers was higher and, in the cardiomyocytes of the 2-g group, lower than in the control group: these changes appeared to be differently directed. Subsequently, it can be suggested that stiffness increase in fibers of skeletal muscles and concomitant stiffness reduction in cardiomyocytes, observed in the 2-g group, may reflect the adaptational pattern of protein content, resulted from initial load increment on rear paws and decrease of volume load on the heart (due to the liquid redistribution in the body).
So, the changes of cardiomyocytes and skeletal muscle fiber stiffness appeared to be differently directed in the 2-g group.
However, the transition from 2 g to 1 g leads to unidirectional changes in the stiffness of cardiomyocytes and skeletal muscle fibers stiffness: stiffness decreased.
We suppose that any changes in mechanical loading may result in deformation of the cortical cytoskeleton of a cell. However, such deformations are different, depending on whether the load increases or decreases. The earliest consequence of such deformation may be dissociation of different actin-binding proteins from the cortical cytoskeleton (ACTN-4 in case of load decrease, and ACTN-1 in case of load increment) (33) . During the further early stages of impact, deformation may result in decrease of initial stiffness and even in destruction of the structure (34) .
We demonstrated previously that, during the early stages of antiorthostatic suspension, further stiffness increase in cardiomyocytes due to elevated load on them would be initially accompanied with stiffness decrease; stiffness decreases in a two-phase manner in skeletal muscles (34) . The above-mentioned events may run much faster during the period of load increments (as after the biosatellite landing) than during the period of load decrease (as during the antiorthostatic suspension or transition from 2 g to 1 g).
So data obtained for the 2-g ϩ 12-h group may reflect the early stages of initiation of signaling pathways to establish the new adaptational pattern to changing external conditions. Changes in stiffness of the cortical cytoskeleton may initiate a number of signaling pathways and regulate the activity of ion channels (3, 12, 28, 44, 45, 48) .
Summarizing these data and our previous data, including BION-M1 data (32, 34) , it could be suggested that early stages of changes in external mechanical load lead to decrease cell stiffness.
Increments in external mechanical load should naturally result in increase of the cell capability to resist it, as well as in development of the cytoskeleton. The decrease of load does not require the developed cytoskeleton, and, as a result, the cell stiffness should be reduced. Consequently, it may be suggested that regulation of the actin cytoskeleton organization may play an essential role in responses to changes of external mechanical conditions (hypo-and hypergravity), resulting in changes of mechanical characteristics of cells.
That is why we analyzed content of nonmuscle actin isoforms and ␣-actinin within the membranous and cytoplasmic fractions of proteins, as well as mRNA level of the relevant genes.
Content of nonmuscle actin isoforms. Summarizing results of the analysis of nonmuscle (␤ and ␥) actin isoform content within the membranous fraction of proteins in cardiomyocytes and in skeletal muscle fibers, we revealed direct correlation between content of nonmuscle actin isoforms and stiffness of the cortical cytoskeleton.
So, nonmuscle actin isoform content in membranous fraction correlated with the stiffness of cortical cytoskeleton.
In the 2-g group, nonmuscle actin content was lower within the membranous fraction of cardiomyocytes than in the control, and rose in the fibers of skeletal muscles. Moreover, the similar situation was observed within cytoplasmic fraction of proteins. At the same time, there were no changes in mRNA level of the genes encoding ACTB and ACTG, but it should be noted that the quantity of mRNA connects with the expression efficiency of the relevant gene and with the degradation rate.
In the 2-g ϩ 12-h group, decrease of nonmuscle actin content within the membranous fraction of proteins (which correlated with cytoskeleton stiffness reduction) and relevant increment within the cytoplasmic fraction were observed in all studied types of cells.
Summarizing these data, we can suggest that this finding may be evident of nonmuscle actin isoforms' redistribution between the cell compartments. Actin can be either transferred from the membranous to the cytoplasmic fraction in the form of F-actin, with its further dissociation to G-actin, or directly in the form of G-actin. Transient increase of G-actin content, in its turn, may initiate some signaling pathways, for instance, SRF dependent (22) .
Content of nonmuscle ␣-actinin isoforms.
In the 2-g group, the content of nonmuscle ␣-actinin isoforms within the membranous fraction of proteins in cardiomyocytes was lower than in the control group. At the same time, in the skeletal muscle fibers, ACTN-1 content was higher, and ACTN-4 content was similar to the control level.
These findings may seem quite reasonable, as the content of actin-binding protein within the membranous fraction depends on their "substrate", nonmuscle actin. At early stages of increasing mechanical load, we observed increments of both isoforms content (34) . The mRNA level of the relevant genes remained unchanged. It may be evident that formation of adaptational pattern of the content of these proteins is due to regulation of translation efficacy and/or protein degradation rate.
The mRNA level of the gene encoding ACTN-1 increased exclusively in the Sol muscle fibers. This finding may be indicative of involvement of mechanisms regulating efficacy of the transcription and/or mRNA degradation rate.
In the 2-g ϩ 12-h group (from 2 g to 1 g), changes in content of nonmuscle ␣-actinin isoforms were absolutely different in cardiomyocytes and in the skeletal muscles fibers. In cardiomyocytes, ACTN-1 content was lower in the membranous fraction of proteins and higher substantially in the cytoplasmic fraction of proteins than in the 2-g group. At the same time, content of ACTN-4 remained unchanged compared with the 2-g group. The opposite situation was observed in skeletal muscle fibers: there was notable redistribution of ACTN-4 in conjunction with unchanged values of ACTN-1 content.
After BION-M1 biosatellite spaceflight (from 0 g to 1 g), in the investigated types of cell, changes in ACTN-1 and ACTN-4 contents were differently directed. In cardiomyocytes, ACTN-4 dissociated from the cortical cytoskeleton, whereas ACTN-1 dissociated from the cortical cytoskeleton of the Sol muscle fibers (31) .
So, summarizing data, we can suggest that, under increasing external mechanical load, ACTN-1 dissociates from cortical cytoskeleton of muscle cells. ACTN-4 connects actin cytoskeleton to membrane and provides interaction of the cortical cytoskeleton with cytoplasmic signaling proteins; besides, ACTN-4 is located along stress fibrils, bundles of microfilaments, and within focal adhesion zone (2) . ACTN-4 is capable of penetrating directly inside the nucleus and regulating the efficacy of transcription through binding to the certain promoter regions (18) and to interact with nuclear proteins (37) .
When external mechanical load decreases, ACTN-4 dissociates from cortical cytoskeleton of muscle cells. The possibility to penetrate directly inside the nucleus has not been shown yet for ACTN-1, but it is able to interact with a large number of transcriptional and signaling molecules (10, 19, 53) . Moreover, ACTN-1 interacts with phospholipase D, inhibiting its activity (35) . When ACTN-1 dissociates from the cortical cytoskeleton, phospholipase D releases and, in turn, may regulate efficacy of translation and, as a result, protein synthesis, leading to increase of concentration of structural proteins.
We can propose the following schematic sequence (Fig. 6 ) to explain the observed findings, as well as primary mechanoreception events.
When external mechanical load on cell increases, stretching strain occurs within the cortical cytoskeleton. In this study, it took place for cardiomyocytes under transition from 2 g to 1 g due to liquid distribution (the same situation was after BION-M1 flight for skeletal muscle fibers due to gravitational load for atrophied muscle). It leads to a further shift of actin filaments against each other within stress fibrils. These events increase the probability of release of proteins, forming cross links between actin filaments (for instance, ACTN-1). Dissociation from actin bundles actin-binding proteins can lead to destruction of actin filaments and primary decreasing of the cell's stiffness. However, signaling pathways, which initiate in this case (probably by ACTN-1) lead to subsequent increasing of nonmuscle actin and actin-binding protein content and, as a result, to development of cortical cytoskeleton and increased cell stiffness. Also, it could be the adaptation pathway for increasing the cell's ability to resist external mechanical load.
When external mechanical load on the cell decreases (in this study, it took place for skeletal muscle fibers under transition from 2 g to 1 g, and, after BION-M1 flight, it took place for cardiomyocytes), predominantly compressive strain occurs. It may result in conformational changes of anchoring sites of the cortical cytoskeleton of membrane, which, in its turn, induces release of proteins, providing such anchoring (for example, ACTN-4). The decrease of the force does not require the developed cytoskeleton, and, as a result, the cell stiffness should decrease.
Release of different actin-binding proteins (particularly, ACTN-1 in one cases and ACTN-4 in other cases) initiates different signaling pathways and determines the fundamental difference in cell responses to increments or decrements of external mechanical tension. This mechanism may be implemented in muscle and nonmuscle cells. So, our data could suggest that the principal difference of the primary cell's reaction on the increase/decrease of external mechanical load could be connected with the dissociation of different actin-binding proteins from the cortical cytoskeleton.
Conclusion. The problem of reception of mechanical stimuli by different types of cells still requires further investigations. The importance of such studies is strongly linked with the arrangement of long-term spaceflights and deep space exploration by humanity.
When data obtained in this experiment are summarized and compared with the results of the previous study performed on the board of BION-M1 biosatellite, it can be supposed that dissociation of ACTN-1 and ACTN-4 from the cortical cytoskeleton initiates different signaling pathways, resulting in the formation of the relevant adaptational pattern of the proteins' content within the cortical cytoskeleton.
Limitations of this study were connected with two time points of measurements. This experiment was relative to the BION-M1, and that is why we analyzed only 30 days of centrifugation and subsequent 12 h of recovery, but it would be interesting to analyze shorter time points of recovery, for example 6 h. Moreover, it would be interesting to answer the Fig. 6 . Hypothetic sequence of the earlier cell's response to the change of the mechanical conditions. After transferring from 2 g to 1 g, external mechanical load for skeletal muscle cells decreases (right) and for cardiomyocytes, increases (left). Different actinbinding proteins can dissociate from cortical cytoskeleton in these cases, and it leads to initiation of different signaling pathways for formation different adaptation pattern in these cells.
question: can ACTN-1 and ACTN-4 migrate to the nuclei under changes of external mechanical load? It may be a new signal pathway of mechanotransduction in the muscle cells. We suppose that it can be the object of the future studies.
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